Esmon CT, Saito H. Increased coagulation and suppressed generation of activated protein C in aged mice during intra-abdominal sepsis.
SEPSIS IS AN INFECTION-INITIATED systemic inflammatory syndrome that can be catastrophic for the body, causing multiorgan failure and leading to death in severe cases. There are ϳ900,000 cases of sepsis annually in the United States, among which 60% include a diagnosis of severe sepsis with organ failure (8, 15 ). An estimated 58 -65% of sepsis cases in the United States occur in the over-65-age group (2, 8, 21) with mortality rates of 30 -40% (2, 21) . Although incidence rates and deaths due to sepsis are well documented to increase with age (2, 8, 15, 21) , the underlying mechanisms for this ageassociated vulnerability are not well understood (32) . Sepsis can be caused by either Gram-positive or Gram-negative bacteria (20) . Despite the growing incidence and prevalence of Gram-positive bacterial infection in sepsis cases, Gram-negative bacterial infections are more common in the elderly (21) . The epidemiological data support the idea that mechanisms of infection and injury may be different in aging patients.
The clinical manifestations of sepsis are highly variable and include fever or hypothermia, tachycardia, tachypnea, hypotension, leukocytosis or leucopenia, elevated inflammatory mediators, and an array of organ dysfunction variables including coagulation abnormalities (7, 12) . Pathologically, sepsis is characterized by a systemic inflammatory response resulting in tissue damage and cell death, along with a procoagulant state leading to disseminated intravascular coagulation (DIC) (3, 16) . Abundant clinical data suggest that there is an age-related increase in both inflammation and thrombosis, putting elderly patients at a higher risk of developing severe sepsis and succumbing to the disease (6, 11, 13, 24, 32) . Studies using laboratory animals have reproduced these findings, including our previous study, which suggests that the microvasculature from aged mice is more sensitive to inflammatory mediators present in the circulation of patients with sepsis (34) .
The protein C (PC) pathway is a negative feedback mechanism that regulates coagulation (10, 17, 18, 37, 39) . The main player of this pathway is activated protein C (aPC), which proteolytically cleaves coagulation factors Va and VIIIa to arrest thrombin generation and subsequent fibrin formation. In addition to its role as an anticoagulant, aPC also has antiinflammatory and cytoprotective functions. Inactive PC is converted to aPC by the binding of thrombin; this activation process is augmented more than 1,000-fold when thrombin binds to its receptor, thrombomodulin (TM), and a further 10-to 20-fold when PC binds to endothelial protein C receptor (EPCR) (39) .
Using a sterile endotoxemia model induced by intraperitoneal injection with lipopolysaccharide (LPS) to young and aged mice, we previously demonstrated age-dependent mortality, in conjunction with enhanced fibrin deposition and insufficient activation of the anti-coagulant PC pathway (33) . The age-dependent enhanced coagulation and loss of PC pathway function held true even when young mice were given a far more lethal dose of LPS, which induced a mortality rate equivalent to that of the aged mice. Specifically, we observed profound downregulation of TM by vascular cells and significantly low plasma concentrations of aPC in aged mice, compared with young, with endotoxemia (33) .
Although our previous study showed distinct differences in the level of fibrin deposition and PC pathway activation in endotoxic mice by aging, two important questions remain unanswered. First, it is not known whether enhanced coagulation in the aged is a result of suppressed PC pathway function (reduced anti-coagulant activity resulting in excess fibrin deposition) (33) or reduced fibrinolysis (impaired fibrin clearance, known to occur in the aged) (40) . It is also unclear whether low aPC levels in the aged are a result of reduced PC activation or increased aPC consumption relative to demand. Additionally, confirmation that our previous observation where we used a sterile endotoxemia model is reproducible in bacterial sepsis has not yet been reported. In the present study, we attempted to resolve these questions using a more clinically relevant animal model of intra-abdominal polymicrobial sepsis induced by cecal-ligation and puncture (CLP).
In this study, we compared several aspects of sepsis pathophysiology (including inflammation, hypothermia, tissue injury, and coagulation) between young and aged mice with abdominal sepsis induced by CLP with a 21-gauge (G) needle. We previously demonstrated that aged mice, compared with young mice that received an equally severe injury by CLP, exhibit higher mortality rates accompanied with more severe systemic inflammation and hypothermia (30) . Therefore, in the current study, we included an additional group of young mice that received a more severe injury by CLP with a 16G needle. Young mice with 16G-CLP showed a similar mortality rate as aged mice with 21G-CLP; this enabled us to determine whether age-associated differences in sepsis pathophysiology are caused by advanced age or secondary to age-associated mortality/severity of sepsis.
MATERIALS AND METHODS

Animals.
Young (4 to 6 mo old) and aged (20 to 25 mo old) male C57BL/6 mice were obtained from the National Institute on Aging. All mice were maintained in pressurized intraventilated (PIV) cages (maximum 5 per cage) in an environment under controlled temperature (21-23°C), humidity (30 -70%), and lighting (14 h light/10 h dark) with free access to drinking water and chow (Rodent Diet No. 2500; LabDiet, St. Louis, MO). Mice were acclimated for at least 7 days before experimentation. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Kentucky and performed in accord with the National Institutes of Health guidelines for ethical animal treatment.
Animal model of sepsis. A commonly used mouse model of acute peritonitis induced by CLP was used in this study. For the CLP procedure, mice were deeply anesthetized by isoflurane inhalation, the abdominal cavity was opened, and the distal 1 cm of the cecum ligated with suture and punctured twice with a needle [21-gauge (21G) or 16-gauge (16G)]. After surgery, all mice received a 1-ml subcutaneous injection of warmed physiologic saline. Sham-operated mice, as controls, received the same procedures except for ligation and puncture. Body temperature, a parameter for the severity of sepsis (30) , was assessed by rectal temperature probe with a digital thermometer (Precision Thermometer 4600; YSI). For survival studies, mortality of each mouse was monitored daily for 10 days after CLP or sham surgery. Major organs from dead mice were examined, and animals with any evident signs of tumor were excluded from the study.
Sample collection. For tissue protein analysis, mice were deeply anesthetized by isoflurane inhalation and intraperitoneally injected with heparin (50 units per mouse; APP Pharmaceuticals, Schaumburg, IL) 5 min before laparotomy. Heparin was administered to prevent coagulation during blood collection and tissue harvesting. Immediately after laparotomy, blood was collected from the inferior vena cava with a heparin-coated syringe. Subsequently, the inferior vena cava was cut, and the entire vasculature was perfused with physiological saline through the cardiac ventricles, for the purpose of eliminating circulating cells, and each tissue was harvested, flash frozen in liquid nitrogen, and stored at Ϫ80°C. For analysis of coagulation-related factors such as aPC, heparin was not injected and blood was collected with 10% volume of 0.1 M sodium citrate. The collected blood was immediately centrifuged at 4°C to obtain plasma, which was stored at Ϫ80°C.
White blood cell count. Whole blood from each mouse was mixed with Türk's solution, and red blood cells were lysed. The number of white blood cells (WBC) in each sample were determined by using a hemocytometer under a microscope (Nikon Eclipse E200; Nikon Instruments, Melville, NY).
Plasma analyses. Plasma creatinine and alanine aminotransferase (ALT) concentrations were measured by colorimetric method using QuantiChrom Creatinine assay kit (Bioassay Systems, Hayward, CA) and ALT (SGPT) Reagent (BQ Kits, San Diego, CA), respectively. Plasma concentrations of IL-6, D-dimer, and plasminogen activator inhibitor-1 (PAI-1) were measured by enzyme-linked immunosorbent assay (ELISA) using kits purchased from Thermo Scientific (Rockford, IL), Stago (Asnie=res, France), and Molecular Innovations (Novi, MI), respectively.
Western blot analysis. Protein was extracted from individual frozen tissues and Western blot analysis performed as previously described (36) . Plasma was diluted 25ϫ in lysis buffer with protease inhibitors before running on the gel. The membranes were incubated with anti-fibrin monoclonal antibody 59D8 (29) , anti-TM antibody (sc-7079; Santa Cruz), anti-EPCR antibody (sc-18062), anti-PC antibody (sc-73466), or anti-SP-D antibody (sc-13980). Chemiluminescent detection was performed using ECL detection reagents (GE Healthcare). All membranes were reprobed with anti-GAPDH (sc-20357) or anti-␤-actin antibody (A1978; Sigma) for normalization. Intensity of each protein band was determined by densitometric analysis (Carestream Molecular Imaging Software, Carestream, New Haven, CT). Although Western blot images shown in this article represent pooled samples run on mini gels (15 wells) using the XCell SureLock Mini-Cell Apparatus (Invitrogen); individual samples were run together on larger gels (25 wells) using the XCell SureLock Midi-Cell Apparatus for densitometric and statistical analysis.
aPC immunocapture assay. As previously described, blood samples were taken from the inferior vena cava and mixed with 0.1 M sodium citrate and 0.3 M benzamidine-HCl (Sigma-Aldrich) at a ratio of 1/10 and centrifuged at 2,000 g for 10 min at 4°C (33) . The concentration of plasma aPC was determined by using an immunocapture assay (19) except for the substitution of chromogenic substrate S2366 (0.46 mM in TBS, pH 7.5) (DiaPharma, West Chester, OH) for Spectrozyme PCA as we previously described (33) .
Statistical analysis. All data are expressed as means and SD. Survival curves were analyzed by Kaplan Meier LogRank test using SigmaPlot Statistical Software version 11.0 (Systat Software). ANOVA models were fit using JMP (SAS Institute, Cary, NC) without assuming equal variance, thus Welch's test was used to determine statistical significance. A P value Ͻ0.05 was considered statistically significant.
RESULTS
Severity of sepsis in young and aged mice after CLP.
Young (4 -6 mo, n ϭ 18) and aged (20 -25 mo, n ϭ 12) male C57BL/6 mice were subjected to double puncture CLP with a 21G needle. Another group of young mice (n ϭ 13) received a more severe injury by double-puncture CLP with a larger needle (16G). Survival of mice in these three groups was monitored for at least 10 days (Fig. 1A) . No mortality was observed in young mice for the first 3 days after 21G CLP; by the end of the 10-day observation period, mortality in young mice with 21G CLP rose to 28%. The mortality rate of young mice with 16G CLP was 23% within 24 h, 85% by day 2, and 92% by day 10. The mortality rate of aged mice with 21G CLP was 0% within 24 h, 42% by day 2, and 92% by day 10. The survival patterns of young mice with 16G CLP and aged mice with 21G CLP were statistically similar (P ϭ 0.189), and both patterns were statistically distinct from the survival pattern of young mice with 21G CLP (P Ͻ 0.001). No mortality was observed in age-matched young and aged sham-operated mice used as controls (data not shown). To compare the severity of sepsis among the groups, body temperature (Fig. 1B) , white blood cell (WBC) count (Fig. 1C) , and plasma level of IL-6 ( Fig. 1D) were measured 24 h after CLP in a separate set of mice. All mice that received CLP surgery exhibited signs of hypothermia (P Ͻ 0.001 for all CLP groups at both 6 and 24 h). Young mice with 16G CLP and aged mice with 21G CLP exhibited significantly more profound hypothermia than young mice with 21G CLP, with average body temperatures of 29°C and 31°C, respectively. There was no significant difference in the body temperatures of young mice with 16G CLP and aged mice with 21G CLP (P ϭ 0.102). WBC count in both young and aged mice were markedly decreased 24 h after CLP regardless of age or mortality (P Ͻ 0.001, compared with sham operation). There was no significant difference in WBC count among the three CLP groups.
The plasma level of inflammatory cytokine IL-6 increased 24 h after 21G CLP in young mice (P ϭ 0.050, compared with young sham), 21G CLP in aged mice (P ϭ 0.059, compared with aged sham), and 16G CLP in young mice (P ϭ 0.045, compared with young sham). Although the average value was higher in young mice with 16G CLP, there was no statistical difference in IL-6 level between young mice with 16G CLP and aged mice with 21G CLP (P ϭ 0.140; Fig. 1D ).
Age-dependent organ dysfunction during CLP-induced sepsis. To assess the extent of organ injury in mice after CLP, we measured plasma levels of creatinine (a kidney injury marker), ALT (a liver injury marker), and surfactant protein-D (SP-D, a lung injury marker) (25, 38) . Plasma creatinine concentration was significantly elevated only in aged mice 24 h after 21G CLP (P ϭ 0.041; Fig. 2A ). A few (2 of 5) young mice with 16G CLP showed elevated creatinine levels, whereas no young mice with 21G CLP showed increased creatinine levels compared with sham-operated mice. Plasma ALT level was slightly elevated in all CLP groups at 24 h; however, none reached significance (Fig. 2B) . Plasma SP-D, measured by Western blot analysis, was significantly increased by CLP in all groups; there was no significant difference Fig. 1 . Severity of sepsis in young and aged mice after cecal ligation and puncture (CLP). A: survival study demonstrating age-dependent mortality during CLP-induced sepsis. Young and aged male C57BL/6 mice received CLP surgery with a 16-gauge (16G) or 21-gauge (21G) needle, and survival was monitored for 10 days (N ϭ 12-18/ group). There was no statistical difference between the survival curve patterns of aged mice with 21G CLP and young mice with 16G CLP (P ϭ 0.189). No mortality was observed in age-matched shamoperated mice (data not shown). B: hypothermia of CLP-operated mice 0, 6, and 24 h after surgery. There was no statistical difference between body temperatures of aged mice with 21G CLP and young mice with 16G CLP (P ϭ 0.102 and P ϭ 0.380 for 6 and 24 h, respectively). C: white blood cell (WBC) count of sham-and CLP-operated mice 24 h after surgery. There was no statistical difference among the CLP groups (P ϭ 0.68). D: circulating levels of IL-6 in sham-and CLP-operated mice 24 h after surgery. There was no statistical difference between plasma IL-6 level of aged mice with 21G CLP and young mice with 16G CLP (P ϭ 0.27). Values are means Ϯ SD; n ϭ 5-8 for each group. *Statistical significance compared with sham-operated mice of the same age; †statis-tical significance compared with young mice with 21G CLP. One, two, or three symbols signify P Ͻ 0.05, 0.01, or 0.001, respectively. among the three CLP groups (i.e., young with 21G, aged with 21G, and young with 16G) (Fig. 2C) .
Coagulation is uniquely increased in the lung and kidney of aged animals after CLP. Fibrin formation in the lung and kidney during CLP-induced sepsis was assessed to examine age-associated changes in microvascular coagulation. Western blot analysis was performed to detect fibrin formation using a fibrin-specific monoclonal antibody 59D8 (Fig. 3A) . Fibrin formation in the lung (Fig. 3B) and kidney (Fig. 3C) clearly increased in aged mice 24 h after 21G CLP; fibrin formation was not observed in young mice with 21G or 16G CLP. The age-associated increase in fibrin deposition was statistically significant in the lung (P Ͻ 0.05) and kidney (P Ͻ 0.01) compared with young mice with 21G or 16G CLP. These results suggest that aged mice are significantly more prone to sepsis-induced coagulation than young mice, regardless of the mortality rate.
To determine whether enhanced coagulation in the aged during sepsis was a result of inhibition of fibrinolysis, plasma levels of fibrinolytic markers D-dimer (a fibrin degradation product) and PAI-1 (an inhibitor of fibrinolysis) were measured. D-dimer levels were elevated in all groups 24 h after CLP, although only aged mice showed a statistically significant elevation (6.5 Ϯ 5.1 ng/ml to 94.5 Ϯ 30.3 ng/ml, P ϭ 0.0002; Fig. 3D ). D-dimer levels of young mice rose from 6.2 Ϯ 2.5 ng/ml in sham-operated mice to 64.1 Ϯ 57.7 ng/ml with 21G CLP and 42.3 Ϯ 29.2 ng/ml with 16G CLP (P ϭ 0.074). D-dimer levels at 6 h showed no significant induction compared with sham for either age-group. Plasma levels of PAI-1 were elevated in all animals after CLP-surgery with a trend toward higher levels in more severe sepsis (aged with 21G CLP and young with 16G CLP). At 24 h after CLP, young mice with 21G CLP and aged mice with 21G CLP showed significantly elevated PAI-1 levels (P ϭ 0.003 and P ϭ 0.015, respectively; Fig. 3E ). PAI-1 induction in young mice with 16G CLP was not significant (P ϭ 0.077). There was no significant difference in PAI-1 levels among the three CLP groups.
Reduced activation of protein C (PC) in the aged during CLP-induced sepsis. To assess whether activated protein C (aPC) levels are altered by age during sepsis, we measured the level of aPC in plasma samples obtained from young and aged mice after CLP (Fig. 4) . Plasma aPC levels of young and aged mice after sham operation were low (2.4 Ϯ 1.5 ng/ml and 3.0 Ϯ 2.3 ng/ml, respectively), and there was no significant differ- ence between these groups (P ϭ 0.84). Plasma aPC levels increased significantly in young mice after 21G CLP (8.2 Ϯ 1.7 ng/ml; P ϭ 0.001 compared with young mice after sham operation). This CLP-induced aPC elevation was further augmented when young mice were subjected to 16G CLP (20.2 Ϯ 10.3 ng/ml; P ϭ 0.018 compared with young mice after sham operation; P ϭ 0.059 compared with young mice after 21G CLP). However, elevation of aPC was not seen in aged mice after 21G CLP (2.1 Ϯ 1.3 ng/ml; P ϭ 0.474 compared with aged sham). Thus, after CLP, plasma aPC levels of aged mice were significantly lower than those of young mice with CLP (P ϭ 0.001 compared with young 21G CLP; P ϭ 0.017 compared with young 16G CLP).
Analysis of PC pathway components during CLP-induced sepsis.
To evaluate whether reduced PC activation in the aged during sepsis was due to altered expression of PC pathway components, we compared the level of TM in the lungs of young and aged mice 24 h after CLP by Western blotting (Fig. 5A) . We analyzed TM in the lungs because this organ is the major site for TM production and expression. In young Fig. 3 . Age-dependent coagulation in the lung and kidney during sepsis. Young and aged male C57BL/6 mice received CLP surgery with a 16G or 21G needle. Agematched sham-operated mice were used as controls. A-C: fibrin deposition in lung (B) and kidney (C) 24 h after CLP or sham surgery was assessed by Western blot analysis and quantified by densitometric analysis of individually run protein samples. Blot images shown represent pooled protein samples derived equally from 4 to 5 mice; however, individual samples were run and blotted separately for statistical analyses. Membranes were reprobed for GAPDH to assure equal protein loading, and quantified fibrin levels were adjusted for GAPDH. This analysis was performed twice in different sets of mice with the same result. Plasma levels of fibrinolytic markers D-dimer (D) and plasminogen activator inhibitor (PAI)-1 (E) at 6 and 24 h after CLP or sham surgery are shown. Values are means Ϯ SD; n ϭ 4 -8. *Statistical significance compared with sham-operated mice of the same age; †statistical significance compared with young mice with 21G CLP; #statistical significance compared with aged mice with 21G CLP. One, two, or three symbols signify P Ͻ 0.05, 0.01, or 0.001, respectively. mice, the level of TM did not change after 21G CLP but showed a modest 10% decrease after 16G CLP; this decrease was not statistically significant (P ϭ 0.302). In aged mice, the level of TM in the lungs after 21G CLP decreased 10% compared with the sham level (P ϭ 0.017). We also examined the levels of endothelial protein C receptor (EPCR) in these tissue samples. Although EPCR level did not change in young mice regardless of severity of CLP, there was a nearly twofold increase in EPCR levels in aged mice after CLP (P ϭ 0.031). We then assessed the level of plasma PC in young and aged mice 24 h after CLP by Western blotting (Fig. 5D ). Plasma PC levels were decreased 67% after young 21G CLP (P ϭ 0.059) and 98% after young 16G CLP (P ϭ 0.042). Aged mice showed no change in PC level after 21G CLP (P ϭ 0.861).
DISCUSSION
The present study describes, for the first time, age-dependent coagulation resulting from inefficient activation of PC in a clinically relevant polymicrobial mouse model of sepsis. Although age-dependent fibrin deposition and reduced PC activation were previously shown by our group using a sterile endotoxemia model with LPS (derived from Gram-negative bacteria), the mechanisms of enhanced coagulation and PC pathway dysfunction in the aged have not been investigated until now. The major purpose of this study was to answer two important questions: 1) Is enhanced coagulation in the aged a result of suppressed PC pathway function (reduced anti-coagulant activity resulting in excess fibrin deposition) or reduced fibrinolysis (impaired fibrin clearance); and 2) Are low aPC levels in the aged a result of inefficient PC activation or excessive aPC consumption. Additionally, as the mortality rate of aged mice is significantly higher than that of young mice given the same injury, an additional experimental group (Y 16G, young mice with a more severe injury yielding a mortality rate equivalent to aged mice) was added to distinguish whether the observed age-dependent responses are indeed a function of age rather than a secondary effect of increased mortality in the aged. This experimental design clearly demonstrated which aspects of CLP-induced sepsis physiology are truly age dependent (Table 1) .
Circulating D-dimer levels, a fibrin degradation product, were similarly elevated in both young and aged mice with CLP regardless of mortality rate, indicating active fibrinolysis in both age-groups. Circulating PAI-1 levels, a major pro-coagulant factor that inhibits fibrin degradation, were also increased by CLP without significant differences due to age or mortality. Despite similar D-dimer levels and similar levels of the fibrinolysis inhibitor PAI-1 in young and aged mice, only the aged showed enhanced fibrin deposition, suggesting that altered fibrinolysis is not a major factor contributing to exaggerated coagulation in the aged with CLP-induced sepsis. A recent study performing 20G CLP on young and aged mice also showed no difference in plasma PAI-1 levels 12 h after CLP (4) . Sterile endotoxemia models appear to have a different effect on fibrinolysis. Yamamoto et al. (40) previously reported that circulating levels, and kidney and liver mRNA expression, of PAI-1 were increased in aged mice with endotoxemia, suggesting that enhanced coagulation in the aged is mediated by inhibited fibrinolysis. We also recently reported age-associated augmentation of PAI-1 mRNA expression in adipose tissue of endotoxic mice (31) and an age-dependent increased in PAI-1 protein concentration in the circulation of mice with acute pancreatitis (23) . Taken together, these data indicate that inhibition of fibrinolysis may not play a major role in the age-dependent thrombosis observed during intra-abdominal sepsis.
The PC anti-coagulant pathway includes a number of factors that aid in the conversion of PC to aPC by proteolytic cleavage. Our previous study (33) using a sterile endotoxemia model indicated that profound downregulation (Ͼ80%) of TM by pulmonary vascular cells of aged mice was a major factor for low aPC levels and enhanced age-associated coagulation; however, the same mechanism does not appear to be in place with intra-abdominal sepsis. Although the levels of TM (and EPCR) appear sufficient in aged mice with CLP, aPC levels remained low, suggesting that another factor may be responsible for the low aPC levels observed in aged mice with CLP. These variations could be attributable to a number of differences due to the choice of animal model; for example, endotoxemia is induced by a Gram-negative bacterial component without an actual infection, whereas CLP causes a polymicrobial infection.
Low aPC levels could be the result of low aPC generation (i.e., reduced conversion of PC to aPC) or rapid aPC consumption (i.e., aPC produced but rapidly consumed). To verify these possibilities, we determined the levels of circulating inactivated PC in young and aged mice with sham or CLP operation. Because the half-life of inactive PC is relatively long (6 -8 h) and the half-life of aPC very short (15-20 min) (14) , reduced levels of PC due to consumption after CLP should be readily apparent. Although slightly lower in aged sham-operated mice, plasma PC levels were not significantly different by aging, indicating that baseline PC levels in aged mice are sufficient. After CLP, PC levels were significantly reduced in young mice in a severity-dependent fashion; however, PC levels remained constant in the aged. This result suggests that in young mice, the conversion of PC to aPC (aPC generation) results in reduced circulating PC levels, indicating consumption. However, in aged mice PC levels were not reduced, indicating that aging affects the conversion of PC to aPC, limiting aPC generation. We therefore conclude that PC is not sufficiently activated in aged mice during sepsis. This finding may explain why some elderly patients, despite controlled inflammation and significant fluid resuscitation, die from unmanageable thrombosis.
Several parameters for organ dysfunction in young and aged mice after CLP were evaluated in this study; among lung, liver, and kidney, only the kidney showed significant age-associated damage. Although we did not measure these organ dysfunction variables after LPS in our previous study (33) , it seems reasonable that LPS, which causes high age-associated mortality much earlier than CLP, induced significant age-associated injury to both the lung and kidney, whereas age-related organ damage after CLP was predominant only in the kidney. Another recent study using a CLP model of severe sepsis in very young mice (2 mo old) showed that mortality was strongly associated with kidney injury (5) . The data from these animal studies bear resemblance to clinical studies in which patients with an intra-abdominal source of infection are more likely to develop acute kidney injury (AKI) (26) ; AKI is also more common in the elderly with severe sepsis (27, 41) . Predominant kidney injury as a result of CLP-induced sepsis may explain our finding that pulmonary TM levels were not so profoundly reduced after CLP as they were after LPS injection (a model known to produce lung injury) (33) .
Although final mortality rates were similar between young mice with 16G CLP and aged mice with 21G CLP, young mice with a more severe injury would likely have a more severe acute infection at an earlier time-point than the aged mice with a milder injury. This is supported by the survival curve of these two groups, which shows higher mortality rates on day 1 and day 2 following CLP surgery, and higher plasma IL-6 and PAI-1 levels 24 h after CLP in the young mice with 16G CLP. We did not examine these parameters in aged mice with 16G CLP because they all die within 12 h of surgery (data not shown). We measured plasma IL-6 levels at 24 h, rather than the more frequently examined 6-h timepoint, which was suggested to predict later mortality (28) . This choice of timepoint was based on our intention to assess the severity of systemic inflammation at the same timepoint, which shows significant age-associated differences in coagulation (Fig. 3) . Although 24 h may not be the optimal timepoint for IL-6 analysis, our previous studies showed that IL-6 levels were similar at 6 and 24 h after CLP; thus earlier timepoints are not necessarily better (30) . A previous study using the CLP-model on young and aged mice reported that high plasma cytokine levels correlated with high mortality rate, independent of age (35) . Our data supports this finding, since we also found plasma IL-6 levels to be statistically similar between young mice with 16G CLP and aged mice with 21G CLP.
Despite similar levels of inflammatory markers, enhanced coagulation and renal dysfunction were unique to aged mice, indicating that causes of death between young and aged mice may be different even though mortality rates are similar. Although there is no direct evidence that increased thrombosis in aged mice is the main cause of mortality, Ely et al. (9) reported that recombinant aPC administration to patients with severe sepsis was more effective in terms of short-and longterm survival for elderly patients than for young patients, consistent with the premise that thrombosis during systemic inflammation is a major contributing factor for mortality in the aged. Furthermore, in human endotoxemia experiments, which induces mild systemic inflammation without affecting levels of anti-coagulant proteins (1), administration of recombinant aPC did not show significant effects on thrombin generation or fibrinolysis (22) , supporting the notion that aPC treatment may have benefits as an anticoagulant therapy only in patients with coagulation abnormalities. Thus, specifically targeting aged individuals exhibiting coagulation abnormalities with similar agents may prove beneficial for their survival.
An obvious limitation of this study is that mice are not men; thus data obtained in this study may not be directly applied to clinical sepsis at this point. Mouse models using the CLP procedure have failed to show the same occurrence or severity of acute lung injury as humans with severe abdominal sepsis. Furthermore, among different mouse strains, differences in the inflammatory response have been reported which could suggest that data reported in this study are specific to the C57BL/6 strain. Although differences in strain and species are not to be taken for granted, we and others have shown an age-dependent increase in mortality and similarly increased expression of inflammatory cytokines in both sexes of multiple mouse strains and rats after LPS and CLP (32) . That being said, certain aspects of this research are consistent with what is observed clinically and further research in this area may be able to bring our results more in line with a clinical resolution.
In conclusion, CLP-induced sepsis caused a significant increase in age-associated mortality, enhanced coagulation, and renal dysfunction, which were prominent in aged mice. Enhanced coagulation in aged mice was associated with loss of PC pathway function, resulting in little to no generation of aPC. Although the mechanisms for PC pathway dysfunction are still unclear, the data presented here provide important information with clinical implications for the reasons behind age-associated susceptibility to sepsis.
